Abstract: A distributed feedback (DFB) semiconductor laser based on s-bent waveguide and sampled grating is theoretically studied and experimentally demonstrated. The proposed laser operates with a high side mode suppression ratio (SMSR) when the bias current is changed from 50 to 130 mA. When the bias current is fixed at 130 mA, the SMSR is larger than 55 dB, which is benefit from the suppressed spatial hole burning, while the SMSR of the equivalent phase shifted DFB laser decreases to 39 dB. The wavelength spacing error between two proposed DFB lasers is measured to be 0.089 nm compared with the designed value. When temperature is increased from 20°C to 42°C, the presented DFB laser achieves stable single longitudinal mode (SLM) operation with SMSR >51 dB and the wavelength varies from 1562.24 to 1564.6 nm with a slope of 0.11 nm/°C. The s-bent waveguide and sampled grating can be fabricated simply by the common holography exposure and photolithograph technique resulting in a low cost. Besides, the wavelength accuracy and SLM yield can be improved significantly, which is very beneficial for the multiwavelength DFB laser array.
Introduction
DFB semiconductor lasers are the key element in the optical communications. Two key features are the single longitudinal mode (SLM) operation and the wavelength accuracy. Some methods have been proposed to improve the SLM yield of DFB lasers such as true phase shift and sbent waveguide [1] , [2] . To fabricate the DFB laser with true phase shift needs high procession precision [3] , [4] . So the reconstruction equivalent chirp (REC) technique is invented by one of the authors of this paper to solve this problem [5] . To obtain the same performance, the procession precision for REC based DFB laser with equivalent phase shift (EPS-DFB laser) can be reduced one to two orders of magnitudes. With the development of the demand for the transmission capacity, multi-wavelength distributed feedback semiconductor laser arrays (DFB-MLAs) are considered as one of the most promising light source in the wavelength division multiplexing (WDM) networks and the photonic integrated circuits (PICs) [6] . In the future, it can be predicted that more and more channels (or wavelengths), as well as lasers will be integrated on the single chip [7] , [8] . And then the lasing wavelength spacing between adjacent channels will become smaller and smaller. If the wavelength spacing is set to be 0.08 nm, even for fabricating the EPS-DFB laser array, the procession precision should be about 4.4 nm, which is high surprisingly.
On the other hand, either a DFB laser with true phase shift or an EPS-DFB laser, at large bias current the spatial hole burning (SHB) effect will degrade the side mode suppression ratio (SMSR) [9] - [11] . In order to overcome the problem of SMSR degradation, DFB lasers with complicated grating structures, e.g., the corrugation-pitch-modulated (CPM) grating, have been proposed [12] , [13] . The most commonly used method to fabricate complicated gratings is the electron beam lithography (EBL) [14] , [15] . It can accurately write the grating line by line to generate the complex grating patterns. However, it is time consuming as well as of high cost.
The DFB lasers with s-bent waveguide and sampled gratings designed by the REC technique have been theoretically studied in detail [16] . It predicts that DFB lasers with stable SLM and high wavelength accuracy can be achieved more simply by combining s-bent waveguide with the REC technique. The wavelength spacing precision can be also further improved employing the method mentioned in [16] .
In this paper, we provide a proof-of-concept study on the DFB laser with s-bent waveguide and sampled gratings (SBW-DFB). The SBW-DFB laser is demonstrated experimentally. The proposed SBW-DFB laser has a stable SLM performance, e.g., under the temperature 25°C the SMSRs are measured to be >47 dB when the bias current varies from 50 mA to 130 mA. When the bias current is fixed at 100 mA and the temperature is changed from 20°C to 42°C, the SBW-DFB laser can also achieve high stable SLM operation with SMSR >51 dB and the wavelength is changed from 1562.24 nm to 1564.6 nm with a slope of 0.11 nm/°C. Compared with the EPS-DFB laser, the SBW-DFB laser has higher SMSR and more stable SLM performance due to its weaker SHB effect. Two SBW-DFB lasers with wavelength spacing of 0.8 nm are designed and the measured wavelength spacing is 0.889 nm. That is to say, the deviation between the designed wavelength spacing and the measured value is only 0.089 nm. Utilizing the proposed method the wavelengths of the DFB lasers can be controlled with higher precision.
Device Design and Operating Principle

Device Operating Principle
The structure of the SBW-DFB laser is shown in Fig. 1(a) . The SBW-DFB laser has the same semiconductor material with the conventional multiple-quantum-well (MQW) DFB laser. The grating in the SBW-DFB laser is a uniform sampled grating designed by the REC technique. The main difference between the EPS-DFB laser and the SBW-DFB laser is that there is an s-bent waveguide in the center of the SBW-DFB laser implementing a continuous phase change. According to the Fourier analysis, the sampled grating as shown in Fig. 1(b) can be expressed as [17] 
where P is the sampling period, 0 is the period of the seed grating, n s is the index modulation of the seed grating, m denotes the mth order Fourier series and F m is the Fourier coefficient of the mth subgrating. Usually the +1st order subgrating is used as the equivalent grating for DFB lasers, and the period of the +1st order subgrating +1 can be expressed as
Therefore, the lasing wavelength controlled by the +1st subgrating can be changed by tuning the sampling period P. The grating period in the bent waveguide region can be expressed as [16] 
Here, θ is the tilted angle of the bent waveguide. The equivalent grating is shown in Fig. 1 (c). It can be seen that s is larger than +1 . And a continuous phase change can be induced in the bent waveguide region, which can be named as phase adjust region (PAR). Usually, a grating with PAR region also is called as corrugated pitch modulation (CPM) grating. Through changing the tilted angle θ of the bent waveguide, various phase shifts in the PAR can be realized. According to the [16] , when a π phase shift is induced in the PAR, the relationship between s and +1 should be expressed as follows:
and (e) show the calculated transmission spectrum and group delay time of a CPM grating with π phase shift. Compared with a normal π phase shift grating, it is obvious that the main mode of a CPM grating locates off the stop-band center of the transmission spectrum. As a consequence, the spectrum of the SBW-DFB laser will be asymmetric and the main mode will drift towards one side of the spectrum, which will be discussed in the following. 
Simulation Results
Utilizing the above mentioned structure, we have designed two SBW-DFB lasers with 0.8 nm wavelength spacing. The parameters of the two lasers are listed in Table 1 . The total cavity length is 600 μm and the length of the s-bent area (L s ) is 200 μm with two 200 μm-long straight waveguides (L 1 and L 2 ) on both sides. The tilted angle of the s-bent waveguide is 2°. The Bragg wavelength of the seed grating is set at 1640 nm, which is far away from the gain region. In order to obtain 0.8 nm wavelength spacing, the sampling periods of the two DFB laser are designed as 4.558 μm and 4.602 μm respectively. For comparison, an EPS-DFB laser with straight waveguide and π EPS at the cavity center is also designed. The total cavity length and sampling period of the EPS-DFB laser are the same with the No. 2 SBW-DFB laser shown in Table 1 .
We have simulated the characteristics of the two types of DFB lasers by the transfer matrix method (TMM) [18] , [19] . Fig. 2(a) is the simulated spectra of the two SBW-DFB lasers. The simulated results indicate that both the SBW-DFB lasers operate in good SLM and the wavelength spacing between the two lasers is fixed at 0.8 nm exactly. We also can obtain the other wavelength spacing with different sampling periods. Then, MLA can be achieved in the single chip only by changing sampling period. Due to the equivalent CPM grating structure, the main modes of the SBW-DFB lasers are located off the stop-band center and the spectra are asymmetrical. However, as shown in Fig. 2(b) , the spectrum of the EPS-DFB laser is symmetrical and the main mode is located at the center of the stop-band.
The internal light intensity distributions along the resonant cavity at different bias currents are demonstrated in Fig. 3 . Through comparing the Fig. 3(a) with Fig. 3(b) , it can be seen that the internal light intensity distribution of the SBW-DFB laser is flatter than that of the EPS-DFB laser, i.e., weaker SHB effect in the SBW-DFB laser ensuring the better SLM property [20] , [21] . Fig. 4 plots the calculated power-current (P-I) curves of the two types of DFB lasers. The simulated results indicate that the SBW-DFB laser and the EPS-DFB laser have the similar threshold and slope efficiency. The simulated thresholds of the SBW-DFB laser and EPS-DFB laser are about 28.5 mA and the slope efficiencies are 0.145 mW/mA and 0.14 mW/mA, respectively. The calculated slope efficiency of the SBW-DFB laser is a little higher than that of the EPS-DFB laser.
Experimental Results and Discussion
Experimental Results
The epi-wafer structure used for the device fabrication is similar to that of the common DFB laser. It is grown by a conventional two-stage metal-organic chemical vapor deposition (MOCVD). A n-InP buffer layer, a n-InAlGaAs lower optical confinement layer, an InAlGaAs MQW structure, a p-InAlGaAs upper optical confinement layer and a 30 nm thick p-InAlGaAs grating layer are successively grown on a n-InP substrate in the first epitaxial growth. The fabrication of the sampled grating is the same as the common method as shown in [17] , [22] . The uniform sampled grating is firstly formed by a conventional holographic exposure combined with conventional photolithography. After the fabrication of the sampled grating, a p-InP cladding layer and a p-InGaAs contact layer are successively regrown over the entire structure. The devices are realized by processing s-bent ridge waveguides, opening p-metal contact windows, followed by metal contacts. Finally, antireflection coatings with reflectivity of less than 1% are applied to the both facets of devices.
The photograph of the fabricated DFB lasers is shown in Fig. 5(a) and the bent ridge waveguide can be observed clearly. Here, the bent angle is 2°. The scanning electron microscope (SEM) picture of the sampled grating is shown in Fig. 5(b) . In addition, an EPS-DFB laser is also fabricated on the same wafer for comparison.
The P-I curves of the SBW-DFB laser and EPS-DFB laser are plotted in Fig. 6(a) . The measured thresholds of the SBW-DFB laser and EPS-DFB laser are 37 mA and 35 mA, and the output slope efficiencies are 0.14 mW/mA and 0.12 mW/mA, respectively. The threshold of the SBW-DFB laser is a little larger than the EPS-DFB laser. But the SBW-DFB laser has higher output slope efficiency. The two differences are mainly caused by the s-bent waveguide. The one reason is that, because the resonance wavelength (i.e., transmission peak in Fig. 1(d) and (e)) blue shifts caused by the PAR grating region, the reflectivity of the grating is a little lowered, the threshold increases. But, on the other hand, the light penetration deep in longitudinal direction also increases, resulting in the high gain utilization and hence the high slope efficiency [2] , [21] . The other reason is that the bent waveguide can lead to a little radiation loss. The measured spectra of the two DFB lasers with the same bias current are shown in Fig. 6(b) . Both of the lasers achieve stable SLM operation. The spectrum of the SBW-DFB laser is asymmetric, which agrees well with the simulated result as shown in Fig. 2(a) . At the same time, the spectrum of the EPS-DFB laser is nearly symmetric. Fig. 7(a) and (b) show the spectra of the SBW-DFB laser and EPS-DFB laser at different bias currents both under the same temperature 25°C. The SLM characteristics of the lasers at different bias currents are also measured. As shown in Fig. 7(a) and (c) , when the bias current is changed from 50 mA to 130 mA, the SMSR of the SBW-DFB laser increases from 47 dB to 55 dB. By contrast, for the EPS-DFB laser once the bias current becomes larger than 80 mA (SMSR is 50 dB), the SMSR degenerates rapidly. When the bias current is 130 mA, the SMSR decreases to be 39 dB. A side mode in short wavelength side can be seen in Fig. 7(b) , which is caused by the SHB effect [11] . While, thanks to the bent waveguide region in the SBW structure, SHB effect can be suppressed as shown in Fig. 3(a) . Therefore, good SLM property can be maintained even at high injection current. Fig. 7(d) shows the wavelength shift versus the bias current. The two kinds of lasers have nearly the same wavelength shift ratio of 0.03 nm/mA. Fig. 8 plots the P-I curves of the SBW-DFB laser at different temperatures. When the temperature is changed from 20°C to 45°C, the threshold rises from 39 mA to 49 mA and the slope efficiency is reduced from 0.14 mW/mA to 0.11 mW/mA. The spectra of the SBW-DFB laser with bias current of 100 mA under different temperatures are shown in Fig. 9(a) . When the temperature rises from 20°C to 42°C, the SBW-DFB laser is in stable SLM state and the SMSR degenerates a little from 54.5 dB to 51.2 dB. The wavelength also drifts from 1562.24 nm to 1564.6 nm with a slope of 0.11 nm/°C.
One of the significant advantages of the proposed laser structure is that it can easily control the wavelength with high wavelength accuracy [16] . Fig. 10 shows the spectra of two SBW-DFB lasers which are fabricated adjacently on the same bar and measured at the same current of 100 mA. The sampling periods are 4.558 μm and 4.602 μm respectively as mentioned above for the designed wavelength spacing of 0.8 nm. All the other parameters are the same. The results indicate that both the two SBW-DFB lasers operate in good SLM with SMSRs higher than 52 dB and the wavelength spacing is 0.889 nm, which is 0.089 nm larger than the designed value showing good wavelength precision.
Discussion
The measured results indicate that the threshold of the proposed DFB laser, 37 mA, is a little higher than the EPS-DFB laser. This is caused by several reasons. First of all, the grating in the proposed DFB lasers is not strong enough and the coupling coefficient κ is measured to be only 20 cm −1 , i.e., the coupling coefficient-length product (κL) is 1.2. As shown in Fig. 11 , we calculate the threshold of the SBW-DFB laser with various κL products utilizing the TMM method. The threshold current and normalized threshold gain (the threshold gain-length product gth L) with different κL products are plotted in Fig. 11 . It can be inferred from the simulated results that the threshold can be decreased by employing stronger gratings with higher κL products. The grating in the proposed SBW-DFB laser is so weak, that the length of the cavity length should be lengthened to make sure that the DFB laser can operate normally. The cavity length of the SBW-DFB laser is 600 μm, which is about twice as long as that of a conventional DFB laser. So, in order to decrease the threshold of the SBW-DFB laser, we should enlarge the grating coupling coefficient κ and shorten the cavity length.
In this work, though the study mainly focuses on the single SBW-DFB laser, the results exhibit that the structure can be easily applied to the DFB-MLAs, which will be fabricated in the nearly future. According to the (2), the period of the +1st order subgrating +1 varies with the sampling period P. So we can control the wavelength spacing of the REC based DFB-MLAs by adjusting the sampling period P. In the future, DFB-MLAs with wavelength spacing less than 0.1 nm is required [23] . However, it is difficult for the REC technique to obtain DFB-MLAs with so small wavelength spacing. For example, for the EPS-DFB laser studied in our manuscript, if the wavelength spacing is demanded to be 0.08 nm, the step change of P should be 4.43 nm. The required process precision is so high that it is very hard to obtain. According to the (3), for the SBW-DFB laser, the phase shift in the s-bent area can be adjusted by changing the tilted angle θ and then the lasing wavelength can be controlled. Fig. 12(a) shows the simulated spectra of 8-channel SBW-DFB-MLAs with wavelength spacing of 0.08 nm. As shown in Fig. 12(b) , the small wavelength spacing is achieved by adjusting the tilted angle θ, in other words, by changing the transversal displacement H s between the straight waveguides. In order to obtain wavelength spacing 0.08 nm in the No.2 SBW-DFB laser, that is, to change the lasing wavelength from 1563.12 nm to 1563.20 nm, the transversal displacement H s should be changed from 4.87 μm to 5.41 μm. It can be concluded that to fabricate DFB-MLAs with the same wavelength spacing 0.08 nm, using EPS-DFB laser the demanded process precision is smaller than 1% of the one using SBW-DFB laser. It is obviously that the proposed method will greatly simplify the fabrication of DFB-MLAs with small wavelength spacing.
Conclusion
In this paper, a DFB laser based on s-bent waveguide and sampled grating is experimentally demonstrated. The DFB laser operates with high SMSR when the bias current and temperature are changed, i.e., high stable SLM performance is obtained. Additionally, the wavelength is controlled accurately utilizing the proposed method and the spectra agree well with the simulated results. The probability to achieve DFB-MLAs with much smaller wavelength spacing using the reported method is also discussed. Furthermore, the DFB lasers can be fabricated by the conventional holographic exposure and photolithography technique with much lower costs. The proposed method is a promising way to fabricate multichannel DFB laser arrays for photonic integrated circuits in the future.
